The inhibitory sources in the thalamic nuclei are local interneurons and neurons of the thalamic reticular nucleus. Studies of models of absence epilepsy have shown that the seizures are associated with an excess of inhibitory neurotransmission in the thalamus. In the present study, we used lightmicroscopic gamma-aminobutyric acid (GABA) immunocytochemistry to quantify the interneurons in the lateral geniculate (LGN), ventral posteromedial (VPM), and ventral posterolateral (VPL) thalamic nuclei, and compared the values from normal Wistar rats and genetic absence epilepsy rats from Strasbourg (GAERS). We found that in both Wistar rats and GAERS, the proportion of interneurons was signifi cantly higher in the LGN than in the VPM and VPL. In the LGN of Wistar rats, 16.4% of the neurons were interneurons and in the GAERS, the value was 15.1%. In the VPM, the proportion of interneurons was 4.2% in Wistar and 14.9% in GAERS; in the VPL the values were 3.7% for Wistar and 11.1% for the GAERS. There was no signifi cant difference between Wistar rats and the GAERS regarding the counts of interneurons in the LGN, whereas the VPM and VPL showed significantly higher counts in GAERS.
INTRODUCTION
There are two types of cells in the thalamus: interneurons and relay cells. The interneurons have axons that do not leave the thalamus, whereas the axons of the relay cells project beyond the thalamus. The relay cells use the excitatory amino-acid glutamate and the interneurons use the inhibitory gamma-aminobutyric acid (GABA) as neurotransmitter [1] .
The GABAergic control of thalamocortical neurons is via local interneurons and the cells of the thalamic reticular nucleus (TRN) [2] [3] [4] [5] [6] [7] [8] . Earlier studies have shown that in some mammals GABAergic interneurons are absent or only sparse in many thalamic nuclei. In members of the primate and carnivore orders, interneurons represent 20-30% of the total neuronal population in all the thalamic nuclei, but are sparse or absent in rodents, except for the lateral geniculate nucleus (LGN) [9] [10] [11] [12] [13] [14] [15] [16] , where they represent 20-25% of neurons.
Studies have shown that thalamic nuclei receive additional GABAergic inputs from the zona incerta, anterior pretectal nucleus, and substantia nigra pars reticulata in the rat. These extrathalamic inputs project preferentially to the higher-order thalamic relays, not to first-order-relays [17] [18] [19] [20] [21] [22] .
A light-microscopic study has shown that the GABAergic terminal groups innervating first-order and higher-order nuclei are dissimilar in the cat [23] and another study has
shown that higher-order thalamic nuclei receive some larger GABA-positive terminals that have been described as 'driver-like' and are not present in the fi rst-order nuclei [24] .
The TRN cells and interneurons both send inhibitory axons to relay cells [25, 26] . However, they have distinct developmental origins: the dorsal thalamus gives rise to the interneurons whereas the ventral thalamus gives rise to the cells of the TRN. Further, the two cell types differ in their connections. How the TRN cells relate to the interneurons is not clearly defined, although the presence of putative inhibitory inputs onto interneuronal dendrites suggests that the TRN cells innervate interneurons and that the two inhibitory systems are closely related [27] .
Many studies have shown that the GABAergic system is important in generating absence seizures and spikeand-wave discharges (SWDs) [28] [29] [30] [31] [32] [33] . The genetic absence epilepsy rats from Strasbourg (GAERS), a selected inbred strain of Wistar rats, is a well-validated genetic model of typical absence epilepsy for neurological, behavioral, and pharmacological studies [34, 35] .
In this study, we used light microscopic immunocytochemistry with a GABA immunogold marker to compare the ratios of GABAergic interneurons to relay cells in the
LGN, the ventral posteromedial (VPM) and the ventral posterolateral (VPL) thalamic nuclei of Wistar rats and GAERS.
MATERIALS AND METHODS

Animals
Adult (6-12 months old) Wistar albino control rats (n = 5)
and GAERS (n = 5) weighing 250-300 g were used. The animals were housed in Plexiglas cages in a temperature- The GABA-positive cells and relay cells were counted at ×200 fi nal magnifi cation. Sections for the quantitative study were selected by a systematic random sampling procedure.
The relative proportion of interneurons was expressed as a percentage of the total population. The cells were counted by an observer who was blinded to the nuclei and groups.
Neuron Area Measurement
The average areas of the profi les of the interneurons and relay cells were calculated in each of the LGN, VPM, and VPL thalamic nuclei for each animal. For relay cells, the average area of profi les was calculated from 20 randomlyselected relay cells from each nucleus of each animal. Area measurements were made at ×200 final magnification.
All the interneurons present in the sample were used to calculate the average area of interneuronal profiles.
Area measurements were made using Image J. The measurements were made by an observer who was blinded LGN sample section was published in our previous manuscript [36] , for which the same tissue blocks were used.
to the thalamic nuclei and the groups. Data were analyzed with the Mann-Whitney U test in Graphpad PRISM.
RESULTS
General Summary
The total numbers of relay cells and interneurons and their corresponding percentages in each thalamic nucleus are shown in Table 1 . The Nissl-stained sections showed that the cells of the LGN were homogenous with no distinct lamination (Fig. 2A) ; the cells in the VPM nucleus were [37] . ic: internal capsule.
LGN, lateral geniculate thalamic nuclei; TRN, thalamic reticular nucleus; VPL, ventral posterolateral thalamic nuclei. VPM, ventral posteromedial thalamic more densely packed than in the VPL (Fig. 2B ). An apparent border was detectable between the VPM and VPL nuclei, formed by compact cells lying parallel to the long axis of the two nuclei (Fig. 2B ). Fig. 3 shows a low-magnification sample of GABA-immunolabeled interneurons and nonlabeled relay cells in LGN of the thalamus.Representative GABA-positive interneurons and unlabeled relay cells from the three thalamic nuclei in both Wistar and GAERS animals are shown at a higher magnifi cation in Fig. 4 .
Quantifi cation of Relay Neurons and Interneurons
GABA-positive interneurons were in the minority in the
LGN, VPM, and VPL nuclei of both Wistar rats and GAERS ( between Wistar rats and GAERS (P = 0.68) (Fig. 5) , while the VPM (P = 0.0001) and VPL (P = 0.003) in GAERS had higher values for interneurons than Wistar rats (Fig. 5) .
General Considerations
Earlier studies have shown that the relative proportion of GABAergic interneurons varies in thalamic nuclei and in mammalian species [15, 39] . The highest proportions of interneurons are found in the LGN of the human and monkey [14] ( Table 2) . Arcelli et al. [14] reported that in the rat and mouse the GABA-positive neurons in the LGN make up 15-20% of the total neuronal population. Further, Spreafi co et al. [10] found that 16-21% of the neurons in the VPL nucleus of the cat are interneurons. Here, we showed that interneurons accounted for 16.4% in the LGN, 4.2%
in the VPM, and 3.7% in the VPL of the total neuronal population in Wistar rats. The fi gures for the LGN confi rm earlier studies. However, the proportion of interneurons was slightly higher in the VPM and VPL than reported earlier [14, 38] .
Differences between LGN, VPM, and VPL
The variation in the distribution of interneurons among the
LGN, VPM, and VPL in some rodents suggests a major difference in the organization of the inhibitory circuits between the thalamic nuclei. Nothing is known about the processing of visual versus somatosensory inputs in any of these species that might account for such marked differences, and we do not know the extent to which TRN cells may replace interneurons where their proportions are low. Montero [43] , and Sanchez-Vives et al. [44] The low proportion of interneurons in the VPM and VPL thalamic nuclei may still be suffi cient to form some of the
Area Measurements of Relay Cells and Interneurons
The average areas of neuronal soma of the interneurons and the relay cells in the LGN, VPM, and VPL nuclei of Wistar rats and GAERS are shown in Table 1 . The mean areas of the relay cells were almost three times of those of interneurons in all the three thalamic nuclei. However, there were no signifi cant differences between the Wistar rats and GAERS in any of the nuclei (Table 1) .
DISCUSSION
The present study confi rmed earlier reports of the relative abundance of interneurons in the LGN of normal rats [10, 14, 38] . However, we showed a slightly higher proportion of interneurons in the VPM and VPL than previously reported and also provided a novel observation regarding the signifi cantly greater proportion of interneurons in the VPM and VPL parts of the ventrobasal (VB) nucleus in the GAERS compared to the Wistar rats. differ from those of others (e.g. VPM and VPL), and the same nucleus can vary among species.
Differences between Wistar Rats and GAERS
An important further result of the present study was the significantly greater numbers of interneurons in the VPM and VPL nuclei in GAERS than in Wistar rats. However, the interneurons in the LGN showed no such difference.
Our recent electron microscopic (EM) study quantifying the three major terminal types; 'RL'-round vesicles, large terminals (glutamatergic), 'RS'-round vesicles, small terminals (glutamatergic) and 'F'-fl attened vesicles (GABAergic) in several thalamic nuclei of Wistar rats and GAERS, showed that the GABA-immunoreactive profiles in the LGN are similar in both strains (9.4% and 10.5%, respectively) whereas for the VB nucleus they are 7.5%
in the Wistar rats and 19.2% in the GAERS [36, 41] . This is in accord with the present results that an unexpectedly high number of GABAergic interneurons occurred in the VPM and VPL nuclei of the GAERS animals relative to the Wistar rats. However, both the present results and the earlier EM study show that the inhibitory circuits in the LGN are not abnormal in GAERS animals. These differences in GAERS may be related to either the production of absence seizures or represent a compensatory response of the thalamocortical circuitry to these seizures. In accord with the present findings, there is evidence that the somatosensory pathways (barrel fi elds and the VB nucleus)
are involved in the initiation of SWDs, but not the LGN and visual cortex [34, 45, 46] .
GABA-mediated Mechanisms in the Production of
Spike-and-Wave Discharges
Previous studies have shown that GABA neurotransmission plays a critical role in the generation and control of SWDs [46, 47] . [40] 20-25
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Spreafi co et al. [38] 19-21 15 20 Arcelli et al. [14] 15 Drugs enhancing GABA function exacerbate absence seizures [47] . In GAERS, intraperitoneal administration of a GABA agonist induces a dose-dependent increase in the duration of SWDs [47, 48] . Similar results were obtained when the same drugs were injected bilaterally into thalamic relay nuclei [48] . Further, Liu et al. [49] and Hosford et al. [50] concluded that absence seizures constitute a particular form of epilepsy that may be associated with an excess of GABAergic inhibition within the thalamus, and this fits well with our current findings. The greater proportion of interneurons in the VPM and VPL nuclei in GAERS than in
Wistar rats in the present study and the higher proportion of GABAergic inhibitory terminals (with fl attened vesicles) in our previous study strongly suggest the involvement of the GABAergic system in the absence epilepsy mechanism [50] . However, Charpier et al. [51] made in vivo intracellular recordings from layer V cortical neurons in the facial motor cortex and from thalamocortical neurons in the VPL and VPM in GAERS and showed no rhythmic GABA B
IPSPs and low-threshold Ca 2+ potentials during seizures.
This suggests that during seizures there is an abnormal corticothalamic input to the relevant thalamic nuclei even if no burst fi ring is recorded in the cells.
Possible Role of VPM and VPL in Absence Epilepsy
Electrophysiological studies have shown that the cortex and thalamus underlie absence seizures [29, 31] . There is considerable evidence that thalamic nuclei, primarily the VB nucleus, are involved in the propagation and regulation of seizures [31, 52] . Previous findings using a microdialysis method also showed increased levels of extracellular GABA in the VB thalamus of GAERS compared to nonepileptic control Wistar rats [53] . Danober et al. [34] reported that the VB nucleus is critical in controlling the oscillatory thalamocortical activity that underlies generalized epileptic seizures such as absence seizures. Vergnes and Marescaux [46] produced lesions by unilateral injection of KCl into the superfi cial layer of the lateral frontoparietal cortex (including the barrel cortex). SWDs were immediately suppressed, not only in the injected cortex but also in the ipsilateral VB thalamus. Further, cortical SWDs are suppressed by VB thalamic lesions in GAERS [45] . In GAERS, bilateral injections of a GABA B agonist into the VB nuclei induces dose-dependent increases in SWDs.
In contrast, injection of GABA B antagonists into the VB suppresses SWDs in this model of absence seizures [48] .
Further, a specific role of the somatosensory cortex, in particular the peri-oral region of S1, in the initiation of SWDs has been reported [52] . Inactivation of the peri-oral region suppresses SWDs in the cortex and VPM nucleus of the thalamus [54] . The results summarized above suggest that the VPM and VPL nuclei and the somatosensory cortex are crucially important in initiating SWDs, and this is in accord with our results.
